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CHAPTER  I 


INTRODUCTION 


Motivation 

The  technological  advances  in  the  electronics  industry 
during  the  past  decade  have  spawned  enormous  growth  in  the 
computer  and  data  communication  fields.  Capabilities 
formerly  available  only  at  large  and  expensive  fixed 
computing  centers  are  widely  available  due  to  two  general 
t rends-- packagi ng  of  greater  capabilities  into  smaller 
affordable  minicomputers,  and  distributing  the  capabilities 
of  fixed  computing  centers  via  data  communications.  The 
result  has  been  the  growth  of  integrated  communication  and 
computing  networks.  Some  examples  serve  to  illustrate  this 
growth  . 

Remote  public  banking  terminals  and  electronic  funds 
transfer  are  now  commonplace  in  the  finance  industry. 

Retail  point-of-sale  systems  use  intelligent  terminals  as 
cash  registers  to  collect  information  on  cash  flow  and 
inventory  status.  Large  information  banks  with  remote 
access  are  used  by  law-enforcement,  medical,  insurance, 
transportation  and  government  agencies.  Mobile  computer 
terminals  used  by  police,  fire  and  medical  personnel  extend 


computer  systems  to  locations  where  services  are  rendered. 
Tactical  military  computer  communication  networks  support 
mobile  command  and  control  systems. 

All  too  often  computer  networks  evolve  in  response  to 
a  current  need  without  regard  for  future  requirements.  As 
the  network  grows  ir.  size,  the  complexity  increases  quickly 
beyond  simple  understanding.  Unfortunately,  sophisticated 
systems  have  been  designed  without  a  complete  understanding 
of  future  wor kloads . [ 1  ]  Sometimes  computer  networks  are 
planned  assuming  that  existing  communication  channels  are 
adequate.  This  attractive  assumption  is  made  by  computer 
network  designers  who  have  little  or  no  control  over 
communication  resources.  Adequate  tools  are  needed  to 
evaluate  network  performance,  to  determine  if  performance 
will  meet  objectives  and  to  understand  how  performance  can 
be  improved. 

A  computer  communication  network  design  can  be 
analyzed  using  a  mathematical  analytic  model,  a  computer 
simulation  model  or  by  constructing  a  working  model.  All 
three  approaches  have  been  used.  Unfortunately,  present 
analytic  models  fail  to  capture  all  the  characteristics  of 
a  mature  network  design.  Work  continues  on  developing 
useful  analytic  mo do  1 s . [ 4 , 1 7 , 2 1 , 26  ]  The  Department  of 
Defense  Advanced  Research  Projects  Agency's  ARPANET  network 
(28]  and  the  University  of  Hawaii’s  ALOHA  network  (18J  are 
two  examples  of  working  research  networks.  These  networks 
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and  others  provide  a  testbed  for  experimenting  with 
specific  design  questions.  ' 

Computer  simulation  models  are  able  to  incorporate 
greater  detail  than  analytic  models.  Simulation  models 
cost  less  to  implement  than  working  models.  Using  a 
simulation  model,  a  designer  has  the  flexibility  to  vary  the 
configuration  and  processing  details  of  a  network  design. 

Purpose 

The  purpose  of  this  research  is  to  develop  and 
implement  a  generalized  simulation  model  to  evaluate 
computer  communication  networks  by  estimating  network 
performance.  The  resulting  simulation  allows  reasonably 
realistic  and  quantitative  performance  comparisons  of 
network  design  alternatives. 

In  chapter  II  a  classical  analytic  network  model  is 
presented.  The  analytic  model  is  used  to  validate  a 
baseline  simulation  model,  forming  the  basis  for  a 
generalized  full  simulation  model.  Chapter  III  describes 
the  baseline  simulation,  the  validation  results  and  the 
full  simulation  model.  A  hypothetical  network  is  simulated 
in  chapter  IV  to  demonstrate  the  features  of  the  full 
simulation.  The  final  chapter  summarizes  the  results  of 


this  research. 


CHAPTER  II 


A  CLASSICAL  ANALYTIC  NETWORK  MODEL 


Background 

The  Network 

A  computer  communication  network  consists  of  a 
collection  of  nodes  connected  by  data  communication  links. 
Each  node  co,.  tains  computing '  resou  rces  which  act  on 
messages  flowing  in  the  network.  The  nodal  structures  of  a 
computer  communication  network  include  input /out put 
terminals,  host  computers  and  switching  computers.  The 
data  communication  links  are  two-way  communication  channels 
through  which  the  messages  pass.  Figure  1,  which  is 
derived  from  Davies  [6],  shows  the  structure  of  a  computer 
communication  network  partitioned  into  two  separate 
subnetworks:  the  communication  subnetwork  and  the  user- 

resource  subnetwork.  The  partitioning  into  two  subnetworks 
is  conceptual  and  may  not  represent  physical  boundaries  for 
a  specific  computer  communication  network. 

The  user-resource  subnetwork  host  computers  provide 
the  processing  services  and  file  storage  for  users  of  a 
computer  facility  and  interface  the  user  into  the 
comunication  subnetwork.  The  communication  subnetwork 


U 


Figure  1:  Struc 


switching  computers  are  responsible  for  establishing  a  path 
from  source  node  to  destination  node  for  each  message. 

This  is  accomplished  by  either  circuit  switching,  message 
switching  or  packet  switching .[  15  ] 

In  circuit  switching  a  complete  path  through  the 
network  is  established  from  source  to  destination.  After 
the  path  is  established  the  message  is  transmitted. 

Circuit  switching  is  similiar  to  the  method  used  for  a 
common  telephone  system. 

In  message  switching  the  switching  computers  use  a 
s t o r e-an d- f or wa r d  method  of  relaying  messages.  That  is, 
messages  are  completely  received  at  one  node  before  they 
begin  transmission  to  the  next  node.  If  the  outgoing  link 
from  a  node  is  busy,  the  message  waits  in  a  queue  until  the 
link  becomes  free.  A  message  switched  network  was 
assumed  in  this  study  as  it  is  well  suited  for  computer 
data  flow. I  15] 

Packet  switching  is  basically  the  same  as  message 
switching  except  that  messages  are  divided  into  packets,  or 
smaller  messages,  before  transmission.  The  individual 
packets  are  relayed  through  the  network  using  the  same 
store-and-f orwarii  method  as  message  switching  and  are 
assembled  at  the  destination  to  form  the  original  message. 

The  activities  of  the  communication  subnetwork  are 
usually  transparent  to  the  user.  The  activities  include 
routing,  acknowledging,  detecting  and  correcting  errors, 


and  scheduling  messages  for  transmission.  The  emphasis  of 
this  study  is  the  performance  evaluation  and  design  of  the 
communication  subnetwork.  Unless  otherwise  stated,  the 
term  computer  communication  network  in  this  paper  refers  to 
the  communication  subnetwork. 

The  messages  flowing  in  the  computer  communication 
network  are  described  by  their  source,  destination, 
creation  time,  length  and  precedence.  Messages  may  also 
contain  additional  information  such  as  a  type 
identification,  serial  number  and  requests  for  special 
facilities.  Standards  defining  message  architectures  have 
been  established  by  the  International  Telecommunications 
Union  (ITU)  and  the  International  Standards  Organization 
(ISO). 118]  The  message  structure  used  in  this  study  is 
compatable  with  ITU  standards.  In  practice,  each  computer 
communication  network  uses  a  unique  message  structure. 

The  operating  rules,  or  protocol,  for  the  entire 
computer  communication  network  are  a  description  of  the 
decision  processes  and  conventions  implemented  within  the 
network.  Network  protocol  is  usually  organized  in  a  series 
of  layers  or  levels.  One  widely  accepted  protocol 
structure  is  the  ISO  reference  model.  This  model,  shown  in 
figure  2  which  is  derived  from  Tannenbaum  [28],  has  7 
layers.  Layers  1,  2  and  3  are  contained  within  the 
communication  subnetwork.  The  physical  layer  is  concerned 
with  the  mechanical,  electrical  and  procedural  aspects  of 


parameters  which  directly  influence  overall  computer 
communication  network  performance. 

Network  Performance  Measurement 

The  performance  of  a  computer  communication  network  is 
usually  measured  in  terms  of  message  delay,  throughput, 
cost  and  r e 1 ia bi 1 i t y . [ 1 5  ]  Other  parameters  have  also  been 
explored  such  as  a  measure  of  active  resources  and  a 
concept  of  f a i r n es s . [  29 , 30  ] 

Message  delay  is  a  measure  of  the  time  required  for  a 
message  to  travel  from  source  to  destination.  Interactive 
users  usually  have  short  messages  and  are  primarily 
interested  in  the  amount  of  system  delay.  Throughput  is  a 
measure  of  the  amount  of  information  per  unit  time  which 
can  be  passed  through  a  network.  Users  transmitting  long 
messages  or  files  are  interested  in  throughput  performance. 
The  total  cost  for  construction  and  operation  of  a  network 
can  be  allocated  among  the  communication  links  as  a 
function  of  link  capacity.  The  function  can  contain  both 
fixed  and  variable  components.  Linear,  logarithmic  and 
power-law  cost  functions  have  been  investigated. [15] 
Considering  the  present  intricate  and  changing  tariff 
schedules  for  public  communications,  a  true  cost  method 
yields  better  cost  estimates  for  an  actual  network. 

Network  reliability  is  the  ability  of  a  network  to 
continue  to  function  in  an  acceptable  manner  after  the  loss 


of  one  or  more  nodes  or  links.  The  number  of  nodes  or 
links  which  may  fail  while  still  maintaining  an  acceptable 
level  of  network  performance  depends  on  the  application. 

Optimizing  Network  Performance 

The  design  and  analysis  of  a  computer  communication 
network  involve  many  variables.  The  most  significant 
design  variables  are  topology,  link  capacity,  node 
capacity,  link  protocol,  routing  procedure,  precedence 
discipline  and  flow  con t r ol . [  5 , 6 , 1 2 ,  1  5 ,  1 8 , 27 , 28 ] 

Generally,  the  location  of  the  host  computers,  the  input 
traffic  characteristics  and  the  implementation  costs  are 
known.  Optimum  network  performance  is  defined  as  achieving 
an  acceptable  level  of  message  delay  or  throughput  at 
minimum  cost. 

Tiie  design  process  is  often  partitioned  into  four 
optimization  problems  which  differ  only  in  the  choice  of 
design  variables .[  1 2  ,  15 , 28  ]  The  four  design  cases  are  1) 
link  capacity  assignment,  2)  flow  assignment,  3)  capacity 
and  flow  assignment,  and  4 )  topology,  capacity  and  flow 
assignment.  Since  the  large  number  of  interrelated 
variables  precludes  an  exhaustive  search  for  the  optimum 
design,  a  heuristic  searching  technique  is  used. 

The  search  begins  by  selecting  a  starting  topology. 
Flow  and  capacity  assignments  are  made  and  the  network 
performance  and  cost  are  determined.  Slight  modifications 


are  made  to  the  network,  and  the  network  performance  and 
cost  are  checked  for  improvement.  The  process  is  repeated 
until  an  acceptable  network  is  found.  The  simulation  model 
developed  and  implemented  in  this  study  is  used  to 
determine  network  performance  at  each  iteration  of  the 
search. 

Classical  Analytic  Network  Model 

Kleinrock  has  developed  an  analytic  model  of  a  store- 
and-forward  computer  communication  network  which  has  been 
widely  ac ce p t ed . [ 1 2 , 1 5 J  He  models  a  computer  communication 
network  as  a  system  of  single-server  queues.  This  modeling 
approach  has  been  applied  to  a  variety  of  network 
situations  using  both  analytic  and  simulation  models. 18,9, 
19,25,30]  In  this  section  the  analytic  model  is  discussed, 
and  the  results  lor  specific  numerical  examples  using  the 
model  are  r e v  i  e we d . [  1 2 J  These  analytic  results  are  applied 
in  chapter  III  to  validate  the  accuracy  of  a  baseline 
computer  simulation  model. 

Single-Server  Queue  Model 

One  unidirectional  path  through  a  switching  computer 
at  a  network  node  is  represented  schematically  in  figure  3. 
Incoming  messages  are  stored  in  a  buffer  queue  until  the 
outgoing  transmission  path,  or  server,  is  available.  The 
total  delay  experienced  by  a  message  at  the  node  consists 
primarily  of  the  waiting  time  in  the  queue  plus  the 


transmission  time  on  the  outgoing  link.  The  most 
significant  measure  of  steady-state  performance  for  the 
node  is  given  by  the  average  delay  experienced  by  a  message 
passing  through  the  node.  Subject  to  certain  assumptions, 
an  analytic  expression  for  average  delay  is  well  known. 115] 
The  assumptions  are  introduced  to  simplify  the  mathematical 
model;  thus,  the  model  is  an  approximation  of  the 
c ha r ac t e r i s t i cs  of  a  real  system.  [12] 


incoming  outgoing 


waiting 

queue 


Figure  3:  Single-Server  queue. 

The  arrival  of  messages  at  the  node  is  assumed  to  be  a 
Poisson  process  with  an  average  rate  for  message  arrivals 
of  A  messages/second.  Message  lengths  have  a  negative 
exponential  distribution  with  a  mean  of  1  / fi  bits.  The 
transmission  speed  of  the  outgoing  link  is  C  bits/second. 
For  a  message  length  of  b  bits  the  transmission  time  is  b/C 
seconds.  Messages  are  transmitted  in  order  of  arrival; 


that  is,  f i r s t - in- f i r s t-ou t  (FIFO).  Storage  space  for  the 
queue  is  assumed  infinite  so  that  no  message  arrivals  are 


rejected.  The  values  of  A  and  p  ,  which  characterize  the 
random  distributions  for  message  arrivals  and  message 
lengths,  are  "constants .  A  fundamental  result  of  queueing 
theory  gives  the  average  waiting  time  in  the  queue  as 

r  =  - t - 

fiC(  1-p) 

where  p=A/pC  is  the  utilization  factor  for  the  link.  The 
total  average  delay  in  the  system  is  the  sum  of  the  average 
waiting  time  and  the  average  transmission  time: 

T  =  r  +  _ 1_  =  1 

PC  pC-A. 

Multiple  Queue  Model 

Using  the  results  for  a  single-server  queue,  Kleinrock 
extended  the  concept  to  an  M-link  N-node  network.  The 
computer  communication  network  is  modeled  as  a  network  of 
interconneced  single-server  queues.  Figure  4  represents  a 
segment  of  a  network  showing  how  the  queues  are 
interconnected.  The  input  to  a  queue  may  coine  from  more 
than  one  source.  In  constructing  an  analytic  model  for 
this  network  Kleinrock  made  some  aditional  assumptions 
beyond  those  stated  previously. 

The  M-links  are  assumed  to  be  error-free,  computer 
processing  time  at  eacli  node  is  assumed  negligible,  and 
electrical  propagation  time  between  nodes  is  ignored.  The 


average  message  arrival  rates  are  given  by  a  traffic  matrix 
in  the  form  of  table  1.  The  Gjk  entries  are  the  traffic 
intensities  from  source  node  j  to  destination  node  k  given 
in  messages/second.  The  total  external  traffic  entering 
the  net  is 


N  N 

G  =  2  2  Gjk 

j  =  l  k  =  1 


TABLE  1 


TRAFFIC  MATRIX 
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This  model  also  exhibits  a  sharp  threshold  behavior  as 
the  rate  of  traffic  input  to  the  network  is  increased.  ,It 
does  not,  however,  rise  toward  infinity  when  any  single 
link  becomes  saturated.  The  message  delay  for  the  model 
becomes  infinite  as  np  approaches  unity.  This  model  gives 
a  more  optimistic  value  for  message  delay  and  conceals  the 
point  where  links  in  the  real  system  become  saturated. 

Kleinrock's  N acierica  1  Examples 

In  this  section  two  numerical  examples  published  by 
Kleinrock  are  reviewed. [12]  The  results  of  these  analytic 
models  will  be  used  to  validate  the  computer  simulation 
model  developed  in  chapter  Ill. 

Star  Network 

A  5-node  star  network  has  a  traffic  matrix  as  defined 
in  table  2.  The  total  network  capacity  is  given  as  C=38.33 
bits/second  and  message  length  is  given  as  1  /#*  =0.1  bits. 

The  individual  link  capacity  assignments  are  shown  in 
figure  5.  Using  the  analytic  equations  (1)  and  (2),  the 


average  message  delay  is  shown  in  figure  6. 


Utilization  Factor,  p 


Figure  8:  Message  delay  for  fully-connected  network  example 
using  analytic  equations  (1)  and  (2). 


Comments  on  Analytic  Models 


Throughout  the  literature  on  analytic  models  of 
computer  communication  networks  frequent  mention  is  made  of 
the  intractability  of  mathematical  solutions  to  these 
models . [ 5 , 1 5 , 19 , 25 J  Kleinrock  states: 


It  is  not 
theory  is 
are  hard 
interest ing 
to  exact 
Moreover , 
results  can 
complex  as 
application 


hard  to  convince  oneself  that  queueing 
rather  difficult  and  that  exact  results 
to  obtain;  in  fact,  ma  n  v  of  the 
queueing  phenomena  have  not  yet  yielded 
analvsis  (and  perhaps  never  will!), 
in  those  simpler  systems  where  exact 
be  obtained,  their  form  is  sometimes  so 
to  render  them  ineffectual  for  practical 
s. I  15 J 


While  it  is  not  reasonable  to  suggest  forgoing 
analytic  solutions,  the  urgency  of  solving  present  day 
computer  communication  network  design  problems  drives  one 
toward  simulation  models.  When  choosing  between  full  scale 
network  experimentation  and  simulation  modeling,  the  latter 
clearly  costs  less  to  accomplish. 

The  two  analytic  models  described  in  this  chapter 
represent  very  rudimentary  network  designs.  Adding  detail 
to  the  analytic  model  to  evaluate  realistic  alternatives  is 
a  formidable  problem;  however,  adding  detail  to  the 
computer  simulation  model  is  a  reasonable  goal.  The 
following  chapters  present  the  details  of  a  computer 
communication  network  simulation  model  for  estimating 


average  message  delay  and  message  throughput. 


CHAPTER  III 


THE  SLAM  SIMULATION  MODEL 


Introduction 

A  computer  simulation  model  is  developed  and 
implemented  to  investigate  the  performance  of  computer 
communication  networks.  The  resulting  model  is  a  logical, 
mathematical  representation  of  network  activity  and  is  used 
to  estimate  network  behavior  under  a  variety  of 
hypothetical  conditions.  The  simulation  is  a  discrete- 
event  stochastic  model.  It  is  written  using  a  modular 
approach.  In  this  chapter  the  simulation  program 
development  is  described.  Next,  the  modules  of  a  baseline 
simulation  of  a  computer  communication  network  are 
described,  and  Kleinrock's  5-node  network  is  used  to 
validate  the  baseline  s imulat ion  .  [  1  2  ]  Finally,  the  full 
computer  communication  network  simulation  is  presented. 

Th e  SLAM  Language 

Simulation  Language  for  Alternative  Modeling  (SLAM)  is 
a  FORTRAN-based  language  distributed  by  Pritsker  and 
Associates,  Inc.  of  West  Lafayette,  Indiana. [24]  This 
language  was  selected  because  its  process  oriented 
statements  are  suitable  for  modeling  a  computer  com muni- 


cation  network.  The  brief  overview  of  the  SLAM  network 
language  in  this  section  will  assist  in  understanding  the 
models  presented  in  this  chapter.  A  detailed  example  of  a 
SLAM  simulation  model  of  a  single-server  queue  is  presented 
in  appendix  A.  A  complete  tutorial  of  the  SLAM  language  is 
found  in  references  [23,24]. 

A  SLAM  simulation  includes  control  statements  and  a 
network  description.  The  control  statements  initiate, 
modify  and  terminate  the  simulation  and  provide  a  means  for 
selecting  among  options  in  the  SLAM  language.  The  network 
description  is  the  unique  portion  of  the  program  which  the 
modeler  writes  to  represent  a  real  world  process. 

In  the  SLAM  network  description  entities  (messages) 
flow  through  a  process  ( store-and- f or  war d  communication 
network).  An  entity  can  be  assigned  attribute  values 
(message  length,  origin,  destination)  which  distinguish  it 
from  other  entities.  Groupings  of  entities  are  called 
files.  A  process  consists  of  a  collection  of  actions 
(transmit,  receive,  check  for  errors)  and  structures 
(memory,  channels)  which  correspond  to  the  operation  and 
configuration  of  the  communication  network  being  modeled. 

Using  a  set  of  SLAM  graphic  network  symbols,  the 
communication  network  model  is  constructed.  The  SLAM 
graphic  symbols  form  a  shorthand  notation  for  describing  a 
model;  and  the  simulation  program  is  written  by  translating 
the  graphic  symbols  into  SLAM  language  statements.  The 


graphic  symbols  are  an  effective  means  of  communicating  the 
operation  of  a  model  and  of  documenting  the  simulation. 
Plain  language  comments  inserted  into  the  listing  together 
with  a  SLAM  network  diagram  form  a  complete  documentation 
package  for  the  simulation.  There  are  23  SLAM  network 
statements  available  for  constructing  models.  This  makes 
SLAM  an  effective  simulation  language. 

The  output  from  a  SLAM  simulation  can  include  an  echo 
report,  trace  report,  error  messages  or  SLAM  summary 
report.  The  first  three  reports  are  useful  for  debugging 
and  validation  of  the  model.  The  SLAM  summary  report 
displays  the  statistical  results  of  the  simulation. 

A  SLAM  summary  report  is  printed  at  the  end  of  each 
simulation  run  or  at  intervals  selected  by  control 
statements.  The  report  includes  statistics  on  files, 
activities  or  variables  within  a  model.  The  SLAM  summary 
report  is  the  primary  output  of  results  from  the 
simulation. 


Simulation  Program  Organization 

A  top-down  modular  approach  is  used  to  construct  the 
computer  communication  network  simulation  model.  Dividing 
the  network  into  functional  modules  facilitates  writing  the 
simulation  in  a  logical  and  controlled  manner.  This  method 
assists  the  validation  process  since  each  module  can  be 
checked  for  correctness  individually.  The  modular 
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simulation  allows  changing  one  portion  of  the  model  without 
affecting  others,  thus  permitting  flexible  experimentation 
and  use  of  the  simulation.  With  a  top-down  modular 
approach  simulation  details  can  be  added  or  omitted 
according  to  the  degree  of  detail  desired  in  the 
simulation  . 

Message  flow  in  a  computer  communication  network 
simulation  is  described  as  shown  in  figure  9.  Messages 
are  created,  queued,  and  transmitted,  and  performance 
statistics  are  gathered.  These  processes  are  catagorized 
into  four  major  simulation  module  types.  Each  module  type 
is  composed  of  a  number  of  activities  which  correspond  to 
the  real  world  actions  being  simulated.  A  fifth  module 
type,  external  effects,  is  included  to  provide  additional 
flexibility  in  the  simulation  model.  The  activities 
included  in  each  simulation  module  are  shown  in  figure  10. 

The  SLAM  simulation  model  is  developed  in  two  phases. 
First,  a  simulation  model  of  a  computer  communication 
network  was  written  using  the  same  network  description  and 
assumptions  as  the  Kle inrock  star  network  analytic  model 
presented  in  chapter  II.  This  is  done  to  validate  a 
baseline  SLAM  simulation.  The  validated  baseline 
simulation  is  used  as  a  basis  for  all  later  simulations. 

In  the  second  phase  additional  details  are  added  in  a 
step-wise  fashion  to  the  baseline  simulation,  expanding  to 
a  full  simulation  model  which  includes  all  the  details 
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Figure  9:  Message  flow  in  a  computer  communication 
network  simulation. 


structure  of  the  simulation  program. 
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shown  in  figure  10.  The  simulation  is  tested  throughly  at 
each  step  to  insure  that  it  produced  consistent  results. 
This  procedure  is  used  to  insure  the  validity  of  the  full 
simulation  model.  During  the  second  phase,  the  full 
simulation  model  is  used  to  analyze  a  hypothetical 
computer  communication  model. 

Baseline  Model 

The  baseline  model  for  the  star  network  is  shown  in 
figure  11  using  SLAM  network  notation.  The  baseline  model 
is  used  as  the  foundation  to  build  and  validate  the  full 
simulation  model.  The  simulation  is  organized  into  four 
module  types.  SLAM  language  commands  and  labels  are 
capitalized  in  this  paper  to  permit  easy  reference  to  the 
network  diagrams  and  program  listings. 

Message  Generation  Module 

Message  input  to  the  network  is  specified  using  a 
traffic  matrix  as  previously  shown  in  table  1.  Each  Gjk 
entry  in  the  matrix  corresponds  to  a  CREATE  node  having  the 
time  between  creations  selected  from  an  exponential  random 
distribution  with  a  mean  of  1/Gjk  seconds.  The  traffic 
intensities  were  implemented  as  global  variables  XX(1)  thru 
XX(10).  Message  attribute  1  contains  the  message  creation 
time. 

An  ASSIGN  node  is  used  to  place  the  destination  node 
identifier  into  attribute  2.  Traffic  generated  from 
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node  1,  the  central  node  in  the  star  network,  is  placed  in 
the  appropriate  outgoing  queue  according  to  the 
destination.  Traffic  generated  from  nodes  2  thru  5  is 
always  transmitted  to  node  1  regardless  of  destination. 

Node  Processing  Module 

Node  processing  occurs  only  at  the  central  node  in 
this  model.  All  other  nodes  can  only  send  messages  to  the 
central  node.  At  the  central  node  each  message 
destination,  as  indicated  by  attribute  2,  is  checked  to 
determine  message  disposition.  Messages  terminating  at  the 
central  node  are  sent  to  the  statistics  collection  module 
represented  by  node  TOT.  All  messages  not  terminating  at 
node  N 1  are  placed  into  the  appropriate  outgoing  queue. 
Queue  discipline  is  FIFO. 

Node-Lo-Node  Transfer  Module 

Transmitting  a  message  is  accomplished  using  a  service 
ACTIVITY.  The  time  for  transmission  on  each  link  is  1/fiCi. 
This  value  is  used  as  the  duration  for  each  activity 
connecting  the  nodes  in  the  network. 

Statistics  Collection  Module 

The  Lime  interval  between  message  creation  and  message 
arrival  at  its  destination  is  the  message  delay.  This 
interval  is  determined  at  COLCT  node  TOT  and  reported  in 
the  SLAM  summary  report. 
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Figure  11  (con't):  Baseline  SLAM  simulation  network 
diagram,  d)  node  processing,  node-to-node  transfer, 
and  statistics  collection  modules. 


Figure  12:  Baseline  SLAM  simulation  compared  with  analytic 
equations  (1)  and  (2). 


Kleinrock's  analytic  model  in  figure  12.  A  sharp  threshold 
behavior  is  strongly  evident. 


The  SLAM  trace  report  is  used  to  verify  the  logical 
correctness  of  the  SLAM  program.  The  flow  of  messages 
through  the  simulation  is  checked  by  hand  against  the 
trace  report  output  and  verified  correct.  This 
provides  a  high  degree  of  confidence  that  the  simulation 
reproduces  the  desired  model. 

To  verify  that  the  simulation  has  reached  a  steady- 
state  condition  prior  to  computing  the  performance 
statistics,  the  following  procedure  is  used.  The 
simulation  is  run  at  6  different  rates  of  traffic  input  to 
transmit  20,000  messages.  During  each  run  a  SLAM  summary 
report  is  printed  at  intervals  of  2,000  messages.  The 
statistical  arrays  are  cleared  after  each  report.  This 
provided  a  series  of  snapshots  in  time  from  the  simulation. 
At  each  traffic  input  rate  the  message  delays  for  each 
snapshot  are  approximately  equal  indicating  an  equilibrium 
condition.  Queue  lengths  in  the  summary  report  are 
essentially  constant  for  each  snapshot.  If  the  simulation 
is  not  at  steady-state,  the  average  message  delay  and  the 
queue  Lengths  increase  with  Lime. 

Basel i n e  Model  Expansion 

The  baseline  SLAM  simulation  of  the  star  network  is 


expanded  to  model  a  f ul 1 y- conne c t e d  network.  This  is  done 
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Comparing  the  simulation  results  for  the  star  network 
with  the  f ul 1 y- connec t ed  network  shows  that  adding  6 
additional  links  to  the  star  network  does  not  make  a 
significant  improvement  in  overall  performance.  The 
message  traffic  and  link  capacity  between  nodes  1  and  2  are 
the  primary  factors  affecting  average  message  delay.  The 
simulation  results  show  that  this  link  is  the  first  to 
saturate  with  increasing  message  flow.  The  fixed  routing 
scheme  does  not  take  any  advantage  of  the  additional  paths 
provided  by  the  fully-connected  network. 

Full  Simulation  Model 

The  validated  baseline  simulation  is  expanded  to 
include  all  the  activities  shown  in  figure  10.  Each  module 
is  described  in  this  section.  A  complete  program  listing 
and  sample  output  is  in  appendix  B. 

Messsage  Generation  Module 

All  messages  in  the  network  contain  the  attributes 
listed  in  table  3.  For  each  entry  in  the  traffic  matrix  a 
module  segment  like  that  shown  in  figure  15  is  required. 
This  module  segment  randomly  generates  messages  at  the 
specified  traffic  intensity,  marks  all  message  attributes 
according  to  the  probability  distributions  defined  in  the 
simulation  control  statements  and  places  the  messages  in 
the  appropriate  outgoing  queue.  In  an  N-node  network  there 
are  N(N-l)  of  these  message  generation  module  segments. 


essage  ge 


Attribute 


Definition 


Units 


1 

Creation  time 

seconds 

2 

Destination  node 

integer 

3 

Type 

integer 

4 

Precedence 

integer 

5 

Origin  node 

integer 

6 

Serial  Number 

integer 

7 

Length 

bits 

The  message  type  attribute  is  used  to  distinguish 
original  messages  from  response  messages.  A  4-level 
precedence  scheme  is  used.  The  serial  number  attribute  is 
used  to  provide  each  message  with  a  unique  identification 
marking. 

Node  Processing  Module 

At  each  node  in  the  computer  communication  network  a 
switching  computer  performs  node  processing  tasks.  In  the 
simulation  these  activities  are  modeled  as  shown  in  figure 
16.  One  module  segment  like  figure  16  is  required  for  each 


network  node. 


Not  all  of  the  node  processing  details  can  be  included 
in  this  module  due  to  the  characteristics  of  the  SLAM 
language.  Control  statements  outside  of  the  SLAM  network 
description  as  well  as  an  initialization  module  are 
required  to  accomplish  the  node  processing  activities. 

A  decision  is  made  concerning  the  degree  of  detail  of 
the  node  processing  tasks  to  be  modeled.  Kleinrock  assumed 
that  node  processing  time  is  n eg  1 i g i b 1 e .  [  1 2 J  This 
assumption  is  only  valid  for  long  messages  or  low  link 
capacities.  As  link  capacity  increases  and  as  node 
processing  tasks  increase  in  complexity,  the  computer 
processing  time  at  a  node  cannot  be  ignored.  No  switching 
computer  hardware  specifications  are  assumed  in  this 
model;  thus,  the  node  processing  overhead  time  is  lumped 
into  a  single  variable  at  each  node. 

All  messages  arriving  to  a  node  are  sorted  by 
destination.  Messages  that  have  arrived  at  their 
destination  are  sent  to  the  statistics  collection  module. 

Queue  discipline  is  implemented  using  a  SLAM  PRIORITY 
control  statement.  The  queue  discipline  is  highest- 
precedence-first  based  on  message  attribute  4. 

Fixed  message  routing  is  implemented  in  the  simulation 
using  node  lables  at  the  time  the  simulation  is  written. 
Messages  are  placed  in  an  outgoing  queue  according  to  a 
routing  table  that  depends  on  the  network  topology. 


The  network  topology  is  defined  at  the  beginning  of 
the  network  description  using  RESOURCE  statements.  One 
RESOURCE  statement  is  required  for  each  communication  link 
in  the  network,  and  it  is  initially  defined  with  a  value  of 
zero.  At  the  start  of  the  simulation  each  link  is  ALTERed 
to  the  required  network  connectivity  based  on  global 
variables  indicating  the  number  of  lines  per  link. 

Nodo-to-Node  Transfer  Module 

Node-to-node  transfer  activities  include  simulating 
link  transmission  time,  link  errors  and  a  message 
acknowledgement  protocol.  An  ACK/NAK  data  link  protocol  is 
simulated. [6]  Figure  17  shows  a  node-to-node  transfer 
module  segment  for  link  12.  One  module  segment  is  required 
for  each  link  in  the  network. 

Link  transmission  errors  are  simulated  using 
probability  branching.  The  error  rate  is  specified  for 
each  link  using  a  global  variable. 

Messages  are  queued  for  transmission  on  the  outgoing 
link  at  an  AWAIT  node.  If  the  queue  capacity  is  exceeded, 
messages  overflow  to  the  statistics  collection  module. 

When  the  Link  is  available,  the  highest  precedence  message 
is  transmitted  with  or  without  errors  as  determined  by  the 
link  error  rate.  Messages  free  of  errors  are  acknowledged 
(ACK),  and  the  link  is  released  to  allow  the  next  message 
to  be  transmitted.  Messages  with  errors  are  negative 


acknowledged  (NAK)  and  retransmitted  until  they  are 
received  at  the  next  node  without  errors. 

The  duration  of  the  service  ACTIVITY  representing 
link  transmission  time  is  calculated  for  each  message  using 
the  link  capacity  and  message  length. 

Statistics  Collection  Module 

The  SLAM  summary  report  provides  all  the  statistical 
output  information  for  the  simulation.  A  SLAM  COLCT  node 
is  used  to  collect  statistics  that  are  related  to  the  time 
a  message  arrives  at  the  node  or  on  a  variable  at  the 
message  arrival  time.  Estimates  of  the  mean  and  standard 
deviation  are  computed  for  each  COLCT  node. 

The  average  length,  maximum  length  and  the  average 
waiting  time  for  each  queue  are  computed.  The  average 
utilization  factor  for  each  communication  link  is  computed. 

The  statistics  collection  module  is  shown  in 
figure  18.  Message  delay  is  determined  for  all  messages. 
After  sorting  on  precedence  the  message  delay  is  determined 
for  each  precedence  level.  All  messages  which  overflow  the 
queues  are  sent  to  a  separate  COLCT  node  for  each  queue. 

External  Effects  Module 

The  external  effects  module  is  the  portion  of  the 
simulation  used  to  model  events  external  to  the  computer 
communication  network.  The  external  effect  module  included 
in  the  full  simulation  model  is  shown  in  figure  19.  This 
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igure  19:  External  effects  module  segment  for  response  traffic 


module  generates  response  messages  when  original  messages 
arrive  at  their  destination.  '  The  amount  of  response 
messages  generated  depends  on  the  precedence  of  the 
arriving  messages  and  on  a  response  probability  factor. 
Higher  precedence  messages  generate  more  responses  than 
lower  precedence  messages.  Global  variables  are  used  as 
the  response  probability  factors.  The  factors  can  be 
changed  to  observe  the  effect  on  network  performance. 

Messages  are  first  sorted  by  type.  Only  original 
messages  are  used  to  construct  a  response  message.  The 
original  message  arrival  time  is  used  as  the  response 
message  creation  time.  Messages  are  sorted  by  original 
destination  so  that  the  response  message  is  sent  back  to 
the  origin  node.  The  response  messages  are  then  sorted  by 
precedence.  The  response  probability  for  each  precedence 
level  is  used  to  determine  if  the  response  message  is 
transmitted  or  discarded.  The  module  segment  in  figure  19 
is  repeated  for  each  node  in  the  network. 


CHAPTER  IV 


PERFORMANCE  EVALUATION  OF  A  NETWORK 


Introduction 

To  apply  the  SLAM  simulation  model  and  demonstrate  the 
method  of  optimizing  network  performance,  a  hypothetical 
5-node  network  is  assumed.  First,  the  selection  of 
topology  and  assignment  of  link  capacities  are  addressed. 
The  baseline  simulation  is  used  to  determine  average 
message  delay  for  a  series  of  progressively  more  costly 
network  alternatives.  One  alternative  network  is  selected, 
and  the  full  simulation  model  is  used  to  investigate 
network  performance.  Each  simulation  detail  included  in 
the  full  model  is  varied  to  demonstrate  the  effect  on 
network  performance. 

Network  Description 

The  minimum  connectivity  requirement  for  the 
li  y  po  t  he  t  i  ca  1  network  is  shown  in  figure  20a.  Each  one-way 
link  has  a  capacity  of  2400  bits/second,  and  additional 
capacity  may  be  added  only  in  increments  of  2400 
bits/second.  Average  message  lengths  are  equivalent  to 
one-half  of  a  common  video  screen  display  in  ASCII  code  or 
6400  bits.  A  minimum  message  length  of  100  bits  and 
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maximum  of  25,600  bits  is  imposed  to  confine  the  traffic 
input  to  realistic  values.  Traffic  input  to  the  network  is 
evenly  distributed  over  all  nodes  and  destinations  for  this 
analysis,  but  the  simulation  can  accommodate  any  distribu¬ 
tion  of  traffic  among  the  nodes.  A  4-level  precedence 
system  can  be  activated.  An  ACK/NAK  node-to-node  protocol 
with  a  selectable  link  error  rate  can  be  be  activated,  and 
response  traffic  may  be  introduced  into  the  network. 

Beginning  with  the  star  topology  of  figure  20a, 
network  connectivity  is  increased  to  the  mesh 

configuration  of  figure  20b,  the  mesh-plus  configuration  of 
figure  20c  and  the  fully-connected  network  of  figure  20d . 
The  average  message  delay  for  each  topology  and  link 
capacity  assignment  is  estimated  using  the  simulation 
model. 

Star  Network  Performance 

The  message  delay  performance  for  the  star  network  is 
plotted  in  figure  21.  A  sharp  threshold  behavior  is 
evident . 

The  length  of  simulated  time  at  low  traffic  input 
rates  is  approximately  11  hours,  and  the  simulated  time  is 
approximately  1  hour  at  the  highest  rate  of  traffic  input. 
The  number  of  messages  transmitted  is  30,000.  This  is  well 
in  excess  of  the  time  required  lor  the  simulation  to  come 
to  steady-state  and  was  selected  as  a  good  compromise 
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between  real  simulation  run  time,  computational  accuracy 
and  simulation  file  capacity. 
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Mesh  Network  Performance 

The  network  topology  is  changed  by  adding  two 
additional  links  between  nodes  2,  3  and  4  to  form  the  mesh 
network  shown  in  figure  20b.  A  shortest  path  message 
routing  scheme  is  used.  The  simulation  results  are  shown 
in  figure  21.  Message  delay  is  reduced  in  comparison  with 
the  star  network.  Tiie  value  of  improvement  to  the  user 
is  evaluated  by  considering  the  cost  of  adding  the 
additional  links.  At  low  traffic  intensities  the 
improvement  is  negligible,  but  at  traffic  intensities  above 
100  mes sages / mi nu t e  the  delay  is  roughly  halved  by  adding 
the  additional  links. 


M e s h - P 1  u s  Network  Performance 

The  links  1-5  and  5-1  are  expected  to  be  the  primary 
factors  limiting  the  mesh  network  performance  since  node  5 
has  only  a  single  connection  to  the  network.  The 
simulation  results  show  this  to  be  true.  At  high  traffic 
intensities  the  queue  lengths  for  these  2  links  are  10 
times  longer  than  for  the  other  queues.  Assuming  that  node 
5  can  only  be  connected  to  node  1,  message  delay 
performance  can  only  be  improved  by  increasing  the  link 
capacity.  The  link  capacities  between  nodes  1  and  5  are 
doubled  to  form  the  next  alternative  network  shown  in 
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Traffic  Input,  messages/minute 
Figure  22:  Message  delay  for  network  configurations 
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figure  20c.  As  expected,  average  message  delay  performance 
is  improved  as  shown  by  the  curve  labeled  mesh-plus  in 
figure  22 . 


Fully-Connected  Network 

Finally,  the  fully-connected  network  of  figure  20d  is 
simulated.  This  network  has  the  maximum  single  link 
connectivity  possible.  The  average  delay  performance 
curve,  shown  in  figure  22,  has  the  lowest  delay  of  the  4 
networks  simulated.  Other  network  topologies  can  also  be 
simulated.  The  performance  curves  for  other  networks  lie 
between  the  curves  for  the  star  network  and  the  fully- 
connected  network,  assuming  only  single  link  capacity 
assignments.  Improvement  in  performance  over  the  fully- 
connected  network  requires  increasing  the  single  link 


capacities 


0 p  t i m u m  Network  Selection 

As  the  connectivity  and  link  capacities  are  increased 
from  the  star  network  to  the  fully-connected  network,  the 
message  delay  performance  improves,  but  the  cost  of 
building  the  networks  also  increases.  By  plotting  network 
cost  against  message  delay  or  message  throughput,  an 
indication  of  possible  trade-offs  are  seen.  For  the 
purpose  of  presenting  a  hypothetical  cost  curve  an 
assumption  is  made  that  each  link  costs  ]  unit  and  that 
each  additional  line  on  a  link  costs  0.1  units. 


In  figure  23  message  delay  is  compared  with  the  cost 
of  implementing  the  4  alternative  networks.  For  this 
example  the  throughput  requirement  is  held  constant  at  12 
Kbits/second  (113  messages/second).  The  message  delay  for 
each  alternative  network  is  plotted  with  its  cost.  A 
dashed  trend  line  connects  the  points  for  each  network  to 
aid  in  visualizing  the  cost/delay  trade-off.  The  shape  of 
the  trend  line  reflects  the  relationship  between  the  cost 
of  adding  link  capacity  and  the  resulting  change  in  message 
delay.  The  pronounced  discontinuity  at  the  mesh-plus  point 
occurs  because  of  the  large  cost  of  adding  additional  links 
to  form  a  fully-connected  network.  The  added  capacity  does 
not  significantly  reduce  message  delay  at  the  stated 
throughput  requirement  of  12  Kbits/second.  From  this 
limited  set  of  alternatives  the  mesh-plus  network  is 
considered  most  cost  effective  in  reducing  system  delay. 

A  follow-on  analysis  of  network  cost  proceeds  with 
increasing  the  lines  per  link  and  finding  the  new  network 
cost.  This  procedure  continues  until  the  time  or  budget 
for  the  analysis  is  exhausted. 

Similarly,  throughput  performance  is  compared  with 
network  cost  as  shown  in  figure  24.  The  throughput  values 
shown  are  for  an  average  message  delay  of  5.2  seconds.  The 
trend  line  again  helps  visualize  the  c os t / thro  ugh  put  trade¬ 
off.  The  mesh-plus  network  appears  to  provide  the  best 
compromise  between  cost  and  throughput. 


c n 

<D 

St 


20  F 


_  fully-connected 


V/ — «- 


-© 

1_ 


10 


12 


14 


16 


18 


20 


22 


Cost  Units 

Figure  23:  Message  delay  compared  with  network  cost  for  a 
throughput  requirement  of  12  Kbits/second. 
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Figure  24:  Throughput  compared  with  network  cost  for  a 
constant  message  delay  of  5.2  seconds. 


Four-Level  Precedence 

The  mesh-plus  network  is  used  to  study  a  4-level 
precedence  scheme.  Each  message  is  marked  with  a 
precedence  level  which  indicates  its  priority  for 
processing  at  each  queue  in  the  network.  Within  each 
precedence  level  the  order  of  processing  is  FIFO.  The 
precedence  scheme  simulated  is  non-prempting ;  that  is,  once 
a  message  starts  transmission  from  a  node,  the  arrival 
of  a  higher  precedence  message  does  not  interrupt 
transmission.  Message  attribute  4  is  marked  with  an 
integer  from  1,  highest,  to  4,  lowest,  to  indicate  the 
precedence  level.  The  percentage  of  messages  marked  for 
each  level  may  be  selected. 

Using  a  message  precedence  distribution  of  1-10%, 
2-10%,  3-30%  and  4-50%,  message  delay  performance  for  the 
mesh-plus  network  is  shown  in  figure  25.  The  highest 
precedence  messages  experience  the  least  delay  through  the 
network.  The  lowest  precedence  messages  take  longer  to 
pass  through  the  network  since  they  must  wait  in  each  queue 
while  all  higher  precedence  traffic  is  transmitted  first. 

At  low  traffic  intensities  there  are  fewer  messages  in 
the  network  and  the  difference  in  delay  between  the 
precedence  levels  is  negligible.  As  traffic  intensity 
increases,  the  lowest  precedence  traffic  shows  the  first 
sign  of  increasing  delay.  Above  approximately  200 
messages/minute  no  level  4  messages  are  processed. 


These  messages  remain  in  the  node  queues  while  higher 
precedence  messages  are  processed  first. 


Response  Traffic 

The  effect  on  network  performance  due  to  response 
traffic  is  demonstrated  using  the  mesh-plus  network.  The 
response  probability  factors  chosen  to  represent  4 
hypothetical  situations  are  shown  in  table  4.  The 
simulation  results  for  these  conditions  are  shown  in 
figures  26  and  27.  Message  throughput  is  plotted  against 
message  delay,  and  message  delay  is  plotted  against  traffic 
input. 


TABLE  4 

MESSAGE  RESPONSE  TRAFFIC  MATRIX 


Precedence 

Level 

Probability  of 
a  Response 

Run  1 

Run  2 

Run  3 

Run  4 

1 

1 . 0 

1 .0 

ra 

2 

0 . 5 

0.73 

■saS 

3 

0.  1 

alifegiiiiiB 

0.5 

4 

0.0 

0.  1 

0.2 

In  each  run  the  original  traffic  input  characteristi 
remain  constant.  Only  the  response  traffic  assumptions 
are  varied.  Throughput  performance  decreases  as  response 


Throughput,  Kbits/ second 
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traffic  increases.  Message  delay  increases  as  the  amount 
of  response  traffic  increases;  however,  the  change  in 
message  delay  is  only  significant  at  high  traffic 


Figure  26:  Message  throughput  for  response  traffic 
runs  1,  2,  3,  4  listed  in  table  4. 
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intensities.  At  low  traffic  intensities  the  network  has 
sufficient  unused  capacity  to  handle  the  response  traffic 
without  causing  a  significant  overall  message  delay. 

ACK /N AK  Protocol 

The  simulations  described  previously  operate  with  the 
assumption  that  all  transmissions  are  error-free.  In  a 
real  network  noise  will  introduce  errors  into  the  messages. 
Some  errors  may  be  corrected  using  coding  schemes 
implemented  in  both  hardware  and  software.  The  time 
required  to  accomplish  encoding  and  decoding  for  error 
control  is  included  in  the  simulation  in  the  node 
processing  overhead  term.  Excessive  errors  will  require 
the  message  to  be  retransmitted. 

The  inesh-plus  network  simulation  is  used  to  simulate 
link  error  rates  from  0  to  50  percent.  The  message 
performance  results  are  shown  in  figure  28.  As  the  error 
rate  increases,  message  delay  increases  due  to  the  number 
of  retransmissions  required.  At  low  traffic  intensities  a 
50  percent  error  rate  results  in  increasing  average  message 
delay  by  2-1/2  times. 

Message  throughput  decreases  at  higher  error  rates. 

As  the  network  begins  to  saturate  with  retransmitted 
messages,  only  the  higher  precedence  messages  are 
transmitted.  The  lower  precedence  messages  remain  in  the 
node  queues.  For  example,  with  a  50  percent  error  rate  and 
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a  traffic  input  of  95  messages/minute,  precedence  level  1 
message  delay  is  18.6  seconds  while  precedence  level  4 
message  delay  under  the  same  conditions  is  35  minutes. 

The  average  queue  length  was  153  messages,  and  the 
maximum  queue  length  is  701  messages.  Clearly,  under 
these  conditions  only  precedence  level  1  messages  are 
experiencing  an  acceptable  rate  of  throughput. 

Finite  Queue  Capacity 

The  queue  capacities  in  the  previous  simulations  are 
essentially  infinite  since  queue  capacities  are  set  to  a 
large  number.  The  SLAM  summary  report  includes  information 
on  the  average  and  maximum  queue  lengths.  Using  the  queue 

I 

length  and  message  length,  an  estimate  of  the  node  memory 
capacity  required  for  each  link  is  made.  Assuming  a 
queue  length  of  20  messages  each  of  6400  bits,  128  Kbits  of 

I 

message  storage  is  required  per  link.  At  node  1  in  the 
mesh  network  8  links  requires  128  Kbytes  of  message  storage 
in  ASCII  code. 

To  investigate  the  effects  of  a  finite  queue  capacity, 
the  maximum  queue  capacity  in  the  simulation  is  varied  for 
a  series  of  runs  while  all  other  variables  areheld 


constant.  When  queue  lengths  reach  the  maximum  level, 
all  arriving  messages  are  rejected.  The  statistics 
collected  for  each  link  on  all  rejected  messages  include 
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the  total  number  of  rejections  and  the  average  time  between 
message  rejections. 

The  queue  activity  averaged  over  all  12  links  of  the 
mesh-plus  network  is  shown  in  figure  29.  For  a  traffic 
input  rate  of  189  messages/minute  the  average  queue  length 
is  7  messages.  The  number  of  rejected  messages  per  10,000 
transmitted  is  plotted  against  queue  capacity.  For  some 
acceptable  level  of  message  rejects,  say  5  percent,  the 
minimum  queue  capacity  at  this  traffic  input  rate  is  16 
messages  or  12.8  Kbytes  of  message  storage  per  link. 


■_  •. 


w.w  '.*■  0>  ."V 


CHAPTER  V 

SUMMARY  AND  CONCLUSIONS 


Summary 

A  generalized  queueing  model  simulation  of  store-and- 
forward  computer  communication  networks  is  developed  and 
implemented.  The  simulation  is  used  to  provide  realistic 
and  quantitative  estimates  of  network  performance  by 
predicting  message  delay  and  throughput.  This  simulation 
is  an  effective  tool  for  making  comparisons  of  alternative 
network  designs.  The  accuracy  of  the  simulation  is 
demonstrated  by  comparison  with  published  analytic  models. 
The  simulation  is  written  using  Simulation  Language  for 
Alternative  Modeling  (SLAM).  A  generalized  simulation  is 
achieved  by  making  maximum  use  of  the  global  variable 
feature  in  SLAM. 

Discussion  o f  F indings 

The  simulation  provides  a  clear  indication  of  how 
message  delay  performance  depends  on  the  input  traffic 
intensity  and  the  network  characteristics.  The  sharp 
threshold  behavior  of  message  delay  (and  throughput)  is 
estimated  for  specific  network  configurations.  The  star, 
mesh,  mesh-plus  and  fully-connected  networks  all  show  a 
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sharp  threshold  for  message  delay  as  input  traffic 
increased.  When  comparing  the  message  delay  performance  of 
these  networks,  there  is  little  difference  in  the  delay 
when  input  traffic  intensity  is  low.  As  traffic  increases, 
each  network  saturates  at  a  different  traffic  intensity 
depending  on  the  topology  and  link  capacity.  The 
simulation  gives  a  performance  curve  for  each  network  and 
predicts  when  network  saturation  will  occur.  The 
performance  curves  are  used  in  a  c os t / per f or ma nee  trade-off 
analysis  to  optimize  a  network  design. 

The  4-level  precedence  scheme  demonstrates  that  higher 
precedence  traffic  users  are  assured  of  low  message  delay 
even  when  network  traffic  intensities  increase.  At  low 
traffic  intensities  all  users  experience  approximately  the 
same  message  delay  since  there  is  sufficient  network 
capacity  to  handle  all  the  traffic.  As  input  traffic 
increases,  the  lower  precedence  users  wait  in  queues  while 
higher  precedence  traffic  is  transmitted  first.  A 
difference  in  message  delay  times  of  greater  than  5  to  1  is 
observed  for  the  networks  simulated.  The  simulation 
demonstrates  that  a  network  may  be  shared  by  users  with 
differing  precedence  levels  and  still  guarantee  the  highest 
precedence  users  acceptable  preformance. 

Accurate  prediction  of  network  performance  depends  on 
accurate  simulation  of  the  input  traffic.  The  message 
generation  module  allows  complete  control  of  all  input 


traffic  characteristics.  The  response  traffic  feature 
provides  additional  control  over  the  input  traffic. 
Simulating  only  original  traffic  requirements  without 
considering  that  some  messages  may  require  the  recipient  to 
send  a  message  in  response  can  lead  to  network  designs 
which  will  fail  under  high  traffic  loads.  The  simulation 
demonstrates  this  effect.  At  high  traffic  loads  the 
response  traffic  decreased  throughput  by  approximately  25 
percent . 

The  effect  of  data  link  errors  on  performance  is 
demonstrated  using  the  ACK/NAK  data  link  protocol  feature. 
As  link  error  rate  increased,  message  delay  also  increased. 
The  percentage  increase  in  message  delay  is  found  to  be 
greater  than  the  error  rate  percentage.  This  occurs 
because  there  are  two  components  to  message  delay  on  error 
prone  links.  The  message  is  delayed  by  being  retransmitted 
and  further  delayed  by  waiting  for  the  ACK/NAK  message  to 
be  transmitted.  Consequently,  a  link  error  rate  of  10 
percent  causes  a  reduction  in  throughput  of  19  percent.  A 
25  percent  link  error  rate  reduces  throughput  by  50 
percent.  The  simulation  allows  a  network  designer  to 
identify  the  magnitude  of  the  effects  due  to  link 
transmission  errors. 

The  effect  of  a  finite  queue  capacity  is  predicted  by 
counting  messages  that  are  rejected  from  the  network  for 
insufficient  queue  space.  The  simulation  estimates  the 


number  of  rejected  messages  as  a  function  of  queue 
capacity.  This  allows  a  network  designer  to  determine  the 
memory  requirements  for  the  node  switching  computers. 


Conclusions 

The  SLAM  language  is  an  adequate  tool  for  implementing 
the  simulation  model.  There  is  some  lack  of  flexibility  in 
the  SLAM  network  language  structure  which  precludes 
complete  generalization  of  the  simulation  model.  This  is 
not  uncommon  for  a  higher  order  language.  For  example,  the 
computer  communication  network  topology  must  be  written 
into  the  simulation  model  using  node  labels  in  the  SLAM 
network  description.  Since  node  labels  are  constants,  the 
network  topology  cannot  be  altered  during  a  simulation  run. 
Changing  the  network  topology  is  easily  accomplished  by 
modifying  the  node  labels  in  the  program  listing  between 
s imu 1 ation  runs. 

The  size  of  the  simulation  model  is  limited  in  SLAM  by 
the  amount  of  memory  space  available  in  the  computer  used 
to  run  the  simulation.  There  is  a  trade-off  between 
topology,  simulation  details  and  the  number  of  message 
attributes  which  can  be  included  in  a  simulation.  Lach  of 
these  must  be  adjusted  so  that  the  available  memory  space 
is  not  exceeded.  This  is  accomplished  using  the  SLAM  echo 
report  and  by  trial  and  error.  As  a  result,  large 
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network  topologies  cannot  be  simulated  with  the  same  degree 
of  detail  as  smaller  topologies. 

The  finite  queue  capacities  are  specified  in  the  SLAM 
language  by  constants.  Since  SLAM  does  not  accommodate 
global  variables  as  queue  capacities,  the  queue 
specifications  cannot  be  altered  during  a  simulation  run. 
The  queue  capacities  must  be  modified  directly  in  the 
program  listing  between  simulation  runs. 

These  limitations  on  the  simulation  are  considered 
minor.  The  advantages  of  using  a  simulation  language  with 
highly  visible  and  easily  modified  program  statements 
outweigh  any  restrictions  in  the  SLAM  code.  The  SLAM 
language  meets  the  requirement  of  writing  a  generalized 
computer  communication  network  simulation. 

Areas  for  Future  Study 

The  modular  structure  of  this  simulation  allows  adding 
additional  detail  to  the  model  without  distrubing  the 
existing  simulation.  For  example,  premptive  queue 
discipline  or  variable  flow  assignment  can  be  added  to 
the  simulation.  Other  data  link  protocols,  possibly 
including  a  time-out  feature,  can  be  included.  The 
structure  and  clarity  of  the  SLAM  language  allows  tailoring 
the  simulation  to  any  specific  network  requirement. 

The  computer  communication  network  architecture 
simulated  in  this  study  uses  store-and-forward  message 


switching.  The  links  between  the  nodes  represent  dedicated 
communication  links  such  as  wire  or  microwave  radio.  An 
alternative  network  architecture  is  to  replace  all  the 
dedicated  links  with  one  shared  link  connecting  all  network 
nodes.  The  single  shared  link  models  a  radio  network 
accessable  to  all  the  nodes.  The  node-to-node  transfer 
module  in  the  SLAM  simulation  can  be  modified  to  model  this 
network  architecture. 


APPENDIX  A 


Single-Server  Queue  Simulation  i n  SLAM 

An  example  of  a  single-server  queue  is  programmed  in 
SLAM  to  illustrate  use  of  the  language.  A  complete 
tutorial  of  the  SLAM  language  is  found  in  references 
[ 23,24]. 

In  this  example  message  arrivals  to  an  infinite  queue 
have  a  Poisson  distribution  and  message  lengths  are 
exponentially  distributed.  There  is  one  transmission  link 
out  of  the  queue.  Messages  are  created,  placed  into  the 
queue  and  removed  one  at  a  time  on  a  f i r s t- in- f i r s t-ou t 
(FIFO)  basis  for  transmission.  The  total  time  spent  in  the 
queue  plus  the  transmission  time  is  the  system  delay.  The 
system  delay  will  be  estimated  using  the  simulation. 

The  SLAM  graphic  symbols  for  this  example  are  shown  in 
figure  30.  Each  SLAM  symbol  is  explained  below.  The 
attributes  and  global  variable  definitions  for  this  example 
are  in  table  5 . 

The  results  produced  by  the  simulation  model  are  shown 
in  table  6.  The  simulation  model  produces  results  which 
agree  closely  with  the  analytical  model. 
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DEFINITION 


VALUE/UNITS 


Attribute  1 

Message  creation  time 

seconds 

Attribute  2 

Message  length 

mssmm 

Attribute  3 

Message  transmission 
t  ime 

seconds 

_ 

Global  Variable  1 

Link  capacity 

Global  Variable  2 

Mean  message  inter- 
arri val  time 

0.2  sec 

Global  Variable  3 

Mean  message  length 

EXPON ( XX ( 2 ) , 1) 

— AA/V — 


ATRIB(2)= 

EXPON (XX(3),2) 
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ATR1B( 3)= 

ATRI B( 2 ) /XX (  1  ) 


)l 


Create 

Node 


Assign 
Node  A 


Assign 
Node  B 


CREATE  Node 


The  CREATE  node  generates  messages.  The  first  message 
is  created  at  time  zero.  The  time  between  message 
creations  is  a  random  process  having  an  exponential 
distribution  with  a  mean  given  by  global  variable  XX(2). 
Random  number  stream  1  is  used  to  generate  the  exponential 
distribution.  For  each  message  created  attribute  1  will 
contain  the  time  the  message  was  created.  Only  one  branch 
extends  from  this  node. 

ASSIGN  Node 

The  ASSIGN  node  is  used  to  place  a  value  into  an 
attribute  of  each  message  which  passes  through  the  node. 

At  ASSIGN  node  A  attribute  1  takes  a  value  determined  by  a 
random  process  having  an  exponential  distribution  with  a 
mean  given  by  global  variable  XX(3).  Random  number  stream 
2  is  used  to  generate  the  exponential  distribution. 
Attribute  2  is  the  message  length.  At  ASSIGN  node  B 
attribute  3  takes  the  value  of  attribute  2  divided  by 
global  variable  XX(1).  Attribute  3  is  the  transmission 
time  for  the  message. 

QUEUE  Node 

The  QUEUE  node  is  a  location  where  messages  await 
transmission.  Initially,  there  are  no  messages  in  the 
queue.  Queue  capacity  is  infinite.  File  number  1  is  used 
to  store  queued  messages. 


Service  ACTIVITY 


Service  ACTIVITY  1  represents  message  transmission. 

It  has  a  duration  equal  to  attribute  3.  Only  one  trans¬ 
mission  path  is  available  to  the  queue. 

COLCT  Node 

A  COLCT  node  is  used  to  collect  statistics  on 
entities  or  variables  in  a  simulation.  In  this  example 
the  interval  between  attribute  1,  message  creation  time, 
and  the  current  time  is  collected  as  a  statistic  labeled 
SYS  DEL  for  system  delay.  These  statistics  will  appear  in 
the  SLAM  summary  report  at  the  end  of  the  simulation  run. 

TERM  Node 

The  TERM  node  is  used  to  remove  messages  from  the 
simulation.  It  can  also  be  used  to  terminate  a  simulation 
after  a  specified  number  of  entities  have  arrived  at  the 
termination  node.  In  this  example  the  termination  count 
is  infinite,  and  the  run  time  for  the  simulation  is 
determined  by  a  SLAM  control  statement. 

Single-Server  Queue  Results 

Cravis  [5]  provides  a  numerical  example  of  a  single¬ 
server  queue  based  on  the  Kleinrock  model.  The  message 
arrival  rate  A  is  5  messages/second,  link  capacity  C  is 
2,000  bits/second  and  the  average  message  length  1 /p  is 
100  bits.  The  system  delay  T  is  given  by  T=l/(pC-A),  and 
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T=0. 06667  seconds.  Using  these  values  in  the  SLAM 
simulation  gives  the  results  shown  in  table  6.  For  each 
of  the  10  simulation  runs  the  random  number  stream  was 
initialized  to  a  different  value.  The  SLAM  simulation 
results  agree  with  the  analytical  model. 
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TABLE  6 


COMPARISON  OF  SLAM  SIMULATION  WITH  ANALYTIC  MODEL 
FOR  SINGLE-SERVER  QUEUE 


MODEL 

SYSTEM  DELAY 
seconds 

.  - . 

Analytic 

0.06667  *■  ‘  ‘ 

Simulation  Run  1 

0.06514  '/v  ■ 

2 

0.06986 

3 

0.064  26  ‘->V\ 

4 

o.o5ioi 

5 

0.05002  ■"  '  , 

6 

0.07521 

7 

0.07992 

8 

0.05  332 

9 

0.0805  5 

APPENDIX  B 


Simulation  Program  Listing 

The  simulation  programs  were  executed  on  a  Control 
Data  Corporation  CYBER  845  computer  using  the  operating 
rystem  NOS  2.2-605/587.  The  Simulation  Language  for 
Alternative  Programming  was  SLAM  II  version  2.0  available 
from  Pritsker  and  Associates,  Inc.,  P.0.  Box  2413,  West 
Lafayette,  Indiana  47906. 

Table  7  lists  the  user  specified  global  variables 
included  in  the  full  simulation  model.  The  full  simulation 
model  program  listing  with  sample  output  is  included  in 
this  appendix. 
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